Nanotechnology is a rapidly developing field in the 21 st century, and the commercial use of nanomaterials for novel applications is increasing exponentially. To date, the scientific basis for the cytotoxicity and genotoxicity of most manufactured nanomaterials are not understood. The mechanisms underlying the toxicity of nanomaterials have recently been studied intensively. An important mechanism of nanotoxicity is the generation of reactive oxygen species (ROS). Overproduction of ROS can induce oxidative stress, resulting in cells failing to maintain normal physiological redox-regulated functions. This in turn leads to DNA damage, unregulated cell signaling, change in cell motility, cytotoxicity, apoptosis, and cancer initiation. There are critical determinants that can affect the generation of ROS.
Introduction
Nanomaterials are chemical molecules that have surfaces with at least one dimension smaller than 100 nm; engineered nanomaterials have the same specific physicochemical characteristics and are manufactured intentionally [1] . Nanotechnology is a rapidly developing field in the 21 st century. The various commercial uses of nanomaterials for novel applications are increasing exponentially. Nanomaterials are extremely small in size and possess a large surface area per unit of volume. These novel physical characteristics of nanomaterials can result in their having drastically different chemical and biological properties compared to the same material in bulk form. The unique chemical and biological properties of nanomaterials make them useful in many products for humans, including some in industry, agriculture, business, medicine, clothing, cosmetics, and food [1e9] .
Nanotechnology research and development by industry and governments worldwide have been increasing dramatically. It has been estimated that by 2015, nanoproducts will contribute approximately $1 trillion to the global economy [3, 10, 11] . Humans may be exposed to nanomaterials through inhalation (respiratory tract), skin contact, ingestion, and injection (blood circulation) [4] . The tiny size of nanomaterials allows them to pass more easily through cell membranes and other biological barriers, therefore, nanomaterials can be easily taken up into living organisms and cause cellular dysfunction [10, 11] . In addition, because of their unique properties, including high surface-to-volume ratios, nanomaterials are reactive or catalytic, and thus can be potentially toxic. For the safe development of nanotechnology and the safe use of commercial nanomaterials, investigations regarding the cellular toxicity and phototoxicity of nanomaterials are needed.
Although the unique properties of nanomaterials have resulted in an exponential increase in their use, cytotoxic and genotoxic data for most manufactured nanomaterials have not been published at a correspondingly high rate [1,4e6,12,13] . Many nanomaterials synthesized as commercial products are introduced daily into our lives. For example, zinc oxide nanoparticles (nano-ZnO) are one of the most commonly used nanomaterials, with industrial and commercial applications, including personal skin and hair care products, sunscreens, pigments, coatings, ceramic products, and paints [2,14e16] . Another example is titanium dioxide nanoparticles (nano-TiO 2 ), which are among the top nanomaterials, and are widely used as food additives and drug delivery agents in personal care products, paints, plastics, and cosmetics [6, 17, 18] . The potential harm of nano-ZnO and nano-TiO 2 to human health has attracted public attention. Understandably, the matter of safety and toxicity of nanomaterials has become an issue of interest to the public. Therefore, understanding the interactions of nanomaterials with biological systems is a particularly important scientific issue.
Toxicity of nanomaterials
The range of nanotechnology products is wide and they can be classified into several different compound categories, including metals, metal oxides, carbon, silica, and semiconductor nanomaterials [6] . The toxicity of nanomaterials has been studied in different biological systems, both in cell line systems and different organisms, which include rodents, humans, and aquatic species, such as zebrafish [1,19e25] , catfish [26] , algae [27] , and macrophages [28] . Carbon and metallic nanomaterials are among the most widely used types of engineered nanomaterials. Nano-metals, such as nano-gold (nano-Au), nano-silver (nano-Ag), nano-copper, nanoaluminum, nano-nickel, nano-cobalt, and other nanoparticles, have also been extensively studied. Metal nanoparticles are important industrial materials that are widely used as additives in cosmetics, pharmaceuticals, and food colorants [6] . The skin can be exposed to solid nanoparticles through the application of lotions or creams that contain nano-TiO 2 or nano-ZnO as a sunscreen component or fibrous materials coated with nanoscale substances for water or stain-repellent properties. In addition to exposure due to use of consumer products, the manufacture and use of nanoparticles inevitably leads to increased occupational and environmental exposure. The toxicity of metal oxide nanoparticles, such as nano-TiO 2 , nano-ZnO, nano-CuO, nano-CuZn, nano-Fe 3 O 4 , and nano-Fe 2 O 3 , with nano-TiO 2 , nano-ZnO in particular, has been reported [6,12,29e31] . As expected, different nanomaterials exhibit different toxic potency. For example, Zhu et al [32] compared the toxicity of three nano-metal oxides, nano-CuO, nano-CdO, and nano-TiO 2 . Nano-CuO was determined to be the most potent in cytotoxicity and DNA damage, leading to 8-hydroxy-2 0 -deoxysuanosine (8-OHdG) formation, while nano-TiO 2 was the least, without inducing a significant level of 8-OHdG [32] . The production of carbon nanotubes (CNTs) and graphene oxide is becoming commercially important. Under some experimental conditions, investigators have found that CNTs and graphene oxide are toxic [33e38].
The mechanisms underlying the toxicity of nanomaterials have recently been studied intensively. An important mechanism of nanotoxicity is the generation of reactive oxygen species (ROS), resulting in the subsequent formation of oxidative stress in tissues [1] .
Overproduction of ROS and cell damage
In the mitochondria of cells, ATP is synthesized by reduction of molecular oxygen to water through a sequence of coupled proton and electron transfer reactions. During this process, a small percentage of the oxygen is not reduced completely, resulting in the formation of superoxide anion radicals, and subsequently other oxygen-containing radicals. Thus, ROS are byproducts of cellular oxidative metabolism, much of which occurs in the mitochondria. Biologically relevant ROS include superoxide anion radicals, hydroxyl radicals, singlet oxygen, and hydrogen peroxide (H 2 O 2 ) [39] . ROS play beneficial physiological roles in cellular signaling systems and induction of mitogenic responses [40, 41] . Besides cellular oxidative stress, there are several other biological reactions that can generate ROS in vivo. Transition metals such as copper and iron can also participate in one-electron oxidationereduction reactions, leading to the formation of ROS [42] . Overproduction of ROS can induce oxidative stress, resulting in cells failing to maintain normal physiological redox-regulated functions [43, 44] . The damage in cell function and development includes oxidative modification of proteins to generate protein radicals [45] , initiation of lipid peroxidation [46e48], DNA-strand breaks, modification to nucleic acids [49] , modulation of gene expression through activation of redox-sensitive transcription factors [50, 51] , and modulation of inflammatory responses through signal transduction [52] , leading to cell death and genotoxic effects [3,53e57] .
It has been demonstrated that ROS and oxidative stress are associated with many age-related degenerative diseases [41, 45, 58, 59] , including amyotrophic lateral sclerosis, arthritis, cardiovascular disease, inflammation, Alzheimer's disease, Parkinson's disease, diabetes, and cancer [8,40,43,52,60e64] .
In nuclear and mitochondrial DNA, 8-OHdG is a predominant form of free-radical-induced oxidative lesion. 8-OHdG has been commonly used as a biomarker of oxidative stress, DNA damage, and carcinogenesis, and as a pivotal marker for measuring the effect of oxidative damage to DNA [32] . 8-OHdG has also been used as a risk factor for many diseases including cancer [65] .
Generation of ROS induced by nanomaterials, directly or indirectly, plays a vital role in genotoxicity. Oxidative DNA damage is associated with biological mechanisms involving mutagenesis, carcinogenesis, and aging-related diseases in humans. Oxidative stress is one of several mechanisms leading to nanotoxicity. Some nano-metal oxides can enhance ROS generation, inducing oxidative stress, DNA damage, and unregulated cell signaling, and eventually leading to changes in cell motility, apoptosis, and even carcinogenesis. Therefore, it is imperative that the mechanisms by which nanomaterials mediate and/or promote these adverse events be understood.
DNA is a critical cellular target of ROS. Oxidative DNA damage involves base and sugar lesions, DNAeprotein crosslinks, single-and double-strand breaks, and the formation of abasic sites [41] . Highly reactive radicals, such as hydroxyl radicals, can damage DNA quickly in the vicinity; whereas the less-reactive ROS may interact with DNA at a distance.
Superoxide dismutases (SODs), peroxidases, and catalases are some of the prominent antioxidant enzymes that efficiently protect against these harmful biological events. For example, SOD catalyzes the disproportionation of superoxide to H 2 O 2 :
Superoxide is a poor oxidant and has a low reactivity toward most biological molecules. Many deleterious effects of superoxide are due to the conversion of superoxide to a more reactive radical, particularly the hydroxyl radical. The conversion of superoxide to hydroxyl (or other powerful oxidants) has been the basis for biological studies [66] .
Antioxidants play an important role in preventing, or in most cases, limiting the damage caused by ROS. The hydroxyl radical possesses the highest one-electron reduction potential of all the physiologically relevant ROS, and is extremely reactive with almost every type of biomolecule, including proteins and nucleic acids [43, 49, 67, 68] . There is no known enzymatic reaction that can scavenge the hydroxyl radical in vivo. The only known defense against hydroxyl radicals comes from antioxidants. Antioxidants are essentially reducing agents; they participate in redox reactions by donating electrons or hydrogen atoms. Within limitations, this action allows cells to function normally and avoid the consequences of oxidation of structural and other vital components. This helps prevent premature destruction by malfunctions such as uncontrolled proliferation.
By contrast, compared with normal cells, cancer cells experience increased generation of ROS and oxidative stress, resulting in stimulation of cellular proliferation, mutations, genetic instability, and cell death [69e71]. Thus, chemical species that can scavenge ROS are potential biomedicines for use in cancer chemotherapy.
Chemicals under light irradiation can result in the generation of ROS and the subsequent formation of lipid peroxidation [3,9,53e57,72e76].
Mechanism of nanotoxicity generation of ROS
The generation of ROS and the subsequent production of oxidative stress is a predominant mechanism leading to nanotoxicity, including DNA damage, unregulated cell signaling, changes in cell motility, cytotoxicity, apoptosis, and cancer initiation and promotion [10, 11, 32] . The level of ROS generation by engineered nanomaterials is dependent on the chemical nature of the nanoparticles [1] .Compared to their bulk-size counterparts, engineered nanomaterials possess a small size, high specific surface area, and high surface reactivity, leading to the production of higher levels of ROS, and resulting in cytotoxicity and genotoxicity [5] . A variety of nanomaterials has been found to induce toxicity mediated by ROS in many biological systems, such as human erythrocytes and skin fibroblasts [77] .
Winnik and Maysinger [78] demonstrated that quantum dots produced oxidative stress and cell damage mediated by ROS. Akhtar et al [79] reported that silica nanoparticles induced cytotoxicity and resultant oxidative stress in a dosedependent manner, mediated by the induction of ROS and lipid peroxidation in the cell membrane. Akhtar et al [80] also determined that in mouse embryonic fibroblasts (BALB 3T3), nano-CuO induces cytotoxicity, releasing lactate dehydrogenase (LDH), and causing oxidative stress in a dose-dependent manner, mediated by the induction of ROS and lipid peroxidation. As further substantiation of this mechanism, it has been reported that nano-ZnO induces cytotoxicity that is largely mediated by the induction of ROS, causing oxidative injury, release of mediators for inflammation, resulting in cell death in phagocytic RAW 264.7 cells, and transformation in human bronchial epithelial BEAS-2B cells [11, 16] . Similar to nano-ZnO, nano-TiO 2 also produces ROS, leading to cytotoxicity and photocytotoxicity [3,18,39,81e87] .
Both nano-Au and goldecobalt nanoalloys have been studied for biomedical applications. Girgis et al [88] determined that in mice, a goldecobalt nanoalloy induced alteration in the tumor-initiating genes that was associated with an increase of micronuclei formation and the generation of 8-OHdG; while these toxic activities induced by nano-Au were much lower. Girgis et al [88] proposed that these toxic activities are attributed to the increase in oxidative stress.
Hsin et al [89] reported that nano-Ag-induced apoptosis in NIH3T3 cells was mediated by a ROS-and C-Jun-terminal-kinase-dependent mechanism involving the mitochondrial pathway.
Mei et al [90] determined that nano-Ag induced mutation and oxidative stress mediated by ROS formation in mouse lymphoma cells. Kim et al [91] determined that nano-Ag induced oxidative stress, genotoxicity and apoptosis in cultured cells and animal tissues. Shvedova et al [92] reported that incubation of high doses of single-walled CNTs in keratinocytes and bronchial epithelial cells, produced ROS, lipid peroxidation, oxidative stress, and mitochondrial dysfunction.
Nano-iron oxide, which is superparamagnetic, is cytotoxic and generates ROS and apoptosis [93] . Wang et al [26] compared the cytotoxicity of four nano-metal oxides, nano-ZnO, nano-TiO 2 , nano-Co 3 O 4 , and nano-CuO, in catfish hepatocytes and human HepG2 cells. In both cell systems, the induced toxicity was in the order of: TiO 2 < Co 3 O 4 < ZnO < CuO, and the induced cytotoxicity was due to ROS and damage to the cells and mitochondrial membranes. The cytotoxicity was higher in HepG2 cells than in catfish primary hepatocytes. As shown in Fig. 1 , nanomaterial-induced ROS can lead to oxidative stress, cause mitochondrial damage, lipid peroxidation, protein modification, DNA damage, leading to cytotoxicity, genotoxicity, and cancer.
Not all nano-metal-oxide-induced toxicity is mediated by ROS. A good example comes from the study by Karlesson et al [12] . They determined the cytotoxicity, DNA damage, and oxidative stress of different nano-metal oxides (CuO, TiO 2 , ZnO, CuZnFe 2 O 4 , Fe 3 O 4 , and Fe 2 O 3 ), carbon nanoparticles, and multiwalled CNTs in human lung epithelial cell line A549. They determined that nano-CuO was the most potent in inducing cytotoxicity, DNA damage, oxidative lesions, and significantly increasing intracellular ROS. Nano-ZnO showed cytotoxicity and DNA damage. Nano-TiO 2 , containing both rutile and anatase forms, only caused DNA damage. Nano-Fe 3 O 4 and nano-Fe 2 O 3 exhibited no or low cytotoxicity. Nano-CuZn Fe 2 O 4 was potent in inducing DNA lesions. CNTs led to cytotoxicity and caused DNA damage. These results indicate that nano-CuO exhibits the highest cytotoxicity and genotoxicity, and is the only studied nanomaterial that induces ROS [12] .
Nanotoxicitydphysical and chemical properties of nanomaterials
The production of ROS by nanomaterials may proceed through a variety of mechanisms. The ROS formation from a particular nanomaterial is dependent on the physical and chemical properties of the nanomaterials as well as the testing systems, such as different cell types [94] . The critical chemical and physical structural determinants of the nanomaterial that lead to the generation of ROS and toxicity include molecular size, shape, oxidation status, surface area, bonded surface species, surface coating, solubility, and degree of aggregation and agglomeration [6, 10, 11, 25, 94, 95] . Through these intrinsic determinants, certain nanomaterials can stimulate and generate inflammation that can chemically or catalytically convert less toxic oxidants, such as superoxide and H 2 O 2 , into more reactive free radicals, such as hydroxyl radicals. In addition, interactions with environmental factors, such as light, are also important factors that determine how nanomaterials interact with biological tissue and affect generation of ROS and the resulting toxicity. Several critical determinants that profoundly determine the nanomaterialinduced toxicity are discussed below.
5.1.
Size and shape
The tiny size and high surface-to-volume ratio are the unique physical and chemical properties of nanomaterials that determine nanomaterial-induced toxicity. As noted previously, because of the tiny size of nanomaterials, they can easily penetrate cell membranes and other biological barriers into living organisms and cause cellular dysfunction [10, 11] . The amount of cellular uptake decreases with the increase in particle size [96e98]. The smaller the particles, the greater the tendency to enter subcellular organelles based solely on their sizes [99] . Compared with their bulk counterparts, nanomaterials, with such a small size, can reach into the lung, leading to several side effects [5] . Yoshida et al [100] demonstrated that particle size was a critical determinant of the intracellular distribution of amorphous silica and its induced ROS formation, leading to DNA damage in human skin HaCaT cells. Moreover, bactericidal or toxic effects increase as the size of nanoparticles decreases [101] .
Li et al [102] determined that the wire-shaped nanomaterial, alpha-MnO 2 nanowire-induced cytotoxicity, DNA oxidative damage, and apoptosis in HeLa cells were mediated by ROS and oxidative stress. Long nanowires in cultured fibroblasts cause failed cell division, DNA damage, and increased ROS; while vertical nanowire arrays induce cell motility and proliferation rate [36] . Nano-TiO 2 exposed in cultured WISH cells induced cytotoxicity, morphological alterations, generation of intracellular ROS, and DNA damage [103] . Jiang and colleagues found that for a fixed total surface area, an S-shaped curve dependence for ROS generation per unit surface area occurred as a function of particle size (4e195 nm with the same crystal phase) [104] . Sohaebuddin et al [28] determined the effects of the chemical composition of nano-TiO 2 , nano-SiO 2 , and multi-wall CNTs on their toxicity in 3T3 fibroblasts, RAW 264.7 macrophages, and telomerase-immortalized bronchiolar epithelial cells. The results indicated that the composition, molecular size, and target cell type, are all critical determinants of intracellular responses, degree of cytotoxicity, and potential mechanisms of toxicity. Moreover, these nanomaterials induced cell specific responses, resulting in variable toxicity and subsequent cell damage.
Yin et al [39] studied the photocytotoxicity of nano-TiO 2 of four different sizes (<25 nm, 31 nm, <100 nm, and 325 nm) and two different crystal forms (anatase and rutile) in human skin keratinocytes. Upon UVA irradiation, all nano-TiO 2 particles induced photocytotoxicity and cell membrane damage in a light-dose-and nano-TiO 2 -dose-dependent manner. The nano-TiO 2 with a smaller particle size, induced greater cell damage. The anatase form of nano-TiO 2 induced higher photocytotoxicity than the rutile form. All the induced photocytotoxic damage was mediated by ROS, generated during UVA irradiation [18] . For silicaetitania hollow nanoparticles of different sizes, each with uniform diameters of 25 nm, 50 nm, 75 nm, 100 nm, and 125 nm, Oh et al [105] determined that the 50-nm silicaetitania hollow nanoparticles exerted the greatest toxicity on macrophages.
Shape is not always a critical determinant of nanomaterialinduced toxicity. Ray and coworkers determined that a set of nano-Au particles with different shapes had similar cytotoxicity [25] . However, it is still worthwhile to consider it in the process of engineering and application. For instance, ZnO with snowflake particles seems to be the most active among available morphologies (whisker, snowflake, and spherical shapes) [106] . Hexagonal plate-like ZnO nanocrystals were also reported to display significantly higher activity than rodshaped crystals [107] . In addition, external morphology may directly influence uptake into cells in the following order: rods/spheres > cylinders > cubes [108e110]. Moreover, changes in the aspect ratio of nanorods tend to affect total cell uptake [108] . The larger the contact area of nanoparticles, the higher biocompatibility they reveal. The aforementioned properties may endow upon respective nanoparticles huge differences in interactions with biological systems. For instance, higher dendritic aggregate toxicity was observed for Ni nanoparticles to zebrafish embryos, compared to spherical ones [111] . For the engineering process, asymmetrical properties may provide vital information for new designs.
5.2.
Particle surface, surface positive charges, and surface containing groups [112] determined that nano-Fe 3 O 4 -PEI, which had a higher surface charge than nano-Fe 3 O 4 -PEI-PEG, exhibited greater cytotoxicity and ROS formation in human SH-SY5Y, MCF-7, and U937 cell lines, for the formation of ROS and lipid peroxidation. Wang et al [113] demonstrated that hematite nano-Fe 2 O 3 and maghemitenano-Fe 2 O 3 , which have different surface structures, induced hydroxyl radicals at different levels.
In the field of biomedical applications used in drug delivery systems, labeling, and tissue engineering, mesoporous silica is one of the most studied nanomaterials [114] . Mesoporous silica and colloidal silica, which have different pore architectures, including specific surface area and pore volume, possess different nanotoxicity in terms of cellular uptake and immune response.
Shi et al [115] demonstrated that copper nanoparticles modified with different surface ligands, for example, 8mercaptooctanoic acid, 12-mercaptododecanoic acid, and 16-mercaptohexadecanoic acid, exhibited different surface oxidation reactivity resulting in generation of ROS at different levels.
Maccormack et al [116] determined that nano-Si, nano-Au, and nano-CdSe inhibited LDH activity and the inhibition was dependent on particle core and surface-functional-group composition. These nanomaterials bound to abundant proteins nonspecifically via a charge interaction [116] . Oh et al [105] determined that among the silicaetitania hollow nanoparticles with different sizes and surface functionalities, cationic silicaetitania hollow nanoparticles exhibited the greatest toxicity on J774A.1 macrophages and the highest uptake efficiency. These results illustrate size-dependent and surface-functionality-dependent nanotoxicity and uptake of silicaetitania hollow nanoparticles, and are useful for the application of silicaetitania hollow nanoparticles as drug delivery and imaging probes [105] .
The effect of the composition of quantum dots on quantum-dot-induced toxicity has been well studied [78,117e121] . Winnik and Maysinger [78] determined that quantum-dot-induced toxicity in vitro and in vivo is dependent on the composition, size, and surface-capping materials of quantum dots. Hauck et al [117] studied the toxicity of quantum dots and found that the composition (PbS vs. CdS), size, shape (spheres vs. rods), and surface chemistry (amino vs. carboxylic groups) were critical determinants in quantumdot-induced toxicity and biodistribution. Zhu et al [121] showed that both the particle size and the chemical structure of quantum dots determined the stability of the monolayer surface coating of quantum dots.
Nanomaterials possess a large specific surface area that can potentially absorb transition metals, such as Fe, Ni, Cu and Cr, onto the surface. These absorbed transition metals can catalyze Fenton reactions, Fenton-like reactions, and HabereWeiss reactions to generate hydroxyl radicals that can directly attack DNA [122] . Limbach et al [123] found that nanosilica, doped with transition metals in A549 cells, generated high levels of ROS formation.
Besides transition metals, the large surface area of carbon black nanoparticles can also absorb other chemicals, such as polycyclic aromatic hydrocarbons (PAHs). Upon biotransformation, PAHs can be oxidized to PAH quinones, which are redox-active and can be reduced to PAH semiquinones and superoxide anion radicals. Superoxide anion radicals can be dismutated into H 2 O 2 , which upon reacting with transition metals produce hydroxyl radicals [122] .
Among the fullerenes is C 60 , which has a spherical shape. Water-soluble, monodisperse, or colloidal fullerene aggregates induce superoxide anions and lipid peroxidation, resulting in cytotoxicity [10] . Different functional groups attached to the surface of fullerenes are critical determinants of fullerene-induced toxicity [10] . Thus, fullerenes with structural and surface modifications have many potential applications based on their capabilities in performing prooxidative (generation of free radicals) or antioxidative (scavenging free radicals) activities. Fullerenes can also be phototoxic upon visible or UV light irradiation to excite the fullerene surface. The excited triplet-state fullerenes can transfer energy to molecular oxygen to form singlet oxygen, and transfer an electron to induce superoxide anion radicals, resulting in lipid peroxidation, leading to cytotoxicity [10] . Modification of the fullerene surface by attachment of one or more malonyl groups yields derived fullerenes possessing antioxidant activity [10] .
Several fullerenes, fullerenols, and endohedral metallofullerenols have been demonstrated to be free-radical scavengers [8] . Yin et al [8] studied the ROS-scavenging capability of [Gd@C 82 (OH) 22 ] n nanoparticles and compared them with other functionalized fullerenes, for example, functionalized C 60 -fullerenols and C 60 -carboxyfullerenes. Electron Spin Resonance (ESR) spin trap measurements in vitro demonstrated that Gd@C 82 (OH) 22 , (C 60 (OH) 22 ) (a fullerenol), and C 60 (C(COOH) 2 ) 2 (a carboxyfullerene) all efficiently scavenged different types of free radicals, including superoxide anion radicals, hydroxyl radicals, and singlet oxygen [8] . In human lung adenocarcinoma A549 cells and rat brain capillary endothelial cells, these fullerene derivatives reduced H 2 O 2 -induced cytotoxicity, free radical formation, and mitochondrial damage. The cellular protective effects of these fullerene derivatives correlated well with their ability to scavenge intracellular ROS following relative potencies: Gd@C 82 (OH) 22 ! C60(OH) 22 > C 60 (C(COOH) 2 ) 2 [8] . These observed different free-radical-scavenging capabilities suggest that both chemical properties, such as surface chemistry (induced different electron affinity), and physical properties, such as degree of aggregation, influence the biological and biomedical activities of functionalized fullerenes [8] .
Yang and Watts [31] determined that particle surface played an important role in the phytotoxicity of alumina nanoparticles. Yang et al [124] studied the mechanism of nano-Ag-induced toxicity and found that both dissolved silver and surface coating in Caenorhabditis elegans are important factors that affect toxicity.
Solubility and particle dissolution
Studer et al [125] determined that intercellular solubility is a determinant affecting nanoparticle-induced cytotoxicity. The finding is that soluble copper metal is less toxic than copper oxide nanoparticles. A similar solubility-dependent effect was subsequently reported by Shaligram and Campbell [94] . The toxicity of copper salts is dependent on the solubility profile and cell type tested. Shen et al [126] determined that there is a good correlation between the nano-ZnO-induced cytotoxicity and the free intracellular zinc concentration in human immune cells. They also found that both nano-ZnO dissolution and contact to the cells are required to elicit cytotoxicity. The levels of nano-ZnO-induced ROS also correlated with cytotoxicity and intracellular free zinc. These results indicate that intracellular dissolution of zinc nanomaterials was required in order to elicit cytotoxicity. Although antioxidants reduced ROS, nano-ZnO-induced cytotoxicity was not affected. These results suggested that nano-ZnO-induced cytotoxicity was not all caused by ROS.
Mahto et al [127] reported that quantum dot core/shell (CdSe/ZnSe) dispersed in aqueous media, induced ROS formation and released cadmium, leading to toxicity.
Nano-ZnO suspended in Dulbecco's modified Eagle's medium (DMEM) induced dose-dependent cytotoxicity and damaged cell membranes in human A549 cells, HepG2 cells, human skin fibroblast cells, human skin keratinocytes, and rat primary neuronal cells. The relative sensitivity to nano-ZnO cytotoxicity in these cell systems was in the order: newborn rat forebrain primary cells > human skin fibroblasts > human skin HaCaT keratinocytes >human bronchoalveolar carcinoma A549 cells >human hepatocellular carcinoma HepG2 cells [3] .
The cytotoxicity of nano-ZnO in serum-free DMEM and DMEM supplemented with 10% fetal bovine serum (FBS) was also compared. Although nano-ZnO in DMEM supplemented with 10% FBS induced cytotoxicity at a level similar to that without supplemented with 10% FBS, cytotoxicity was not mediated by ROS. These results indicate that the mechanism of cytotoxicity is medium dependent, implying that cellular growth conditions play a significant role in the induction of cytotoxicity by nano-ZnO [3] . These results also illustrate that not all nanomaterial-induced cell death is mediated by ROS.
5.4.
Metal ions released from metal and metal oxide nanoparticles Beer et al [128] studied the role of the silver ion fraction of nano-Ag suspensions on the nano-Ag-induced cytotoxicity in human A549 lung cells. They found that at high silver ion fractions, the nano-Ag did not induce measurable levels of toxicity to the nano-Ag suspension. However, when the silver ion fraction was 2.6% or lower, nano-Ag suspensions contributed more toxic effects than their supernatant.
Faisal et al [129] determined that nickel oxide nanoparticles (nano-NiO) induced cellular ROS, oxidative stress, mitochondrial dysfunction, apoptosis/necrosis, and lipid peroxidation in tomato seedling roots. The activity of antioxidative enzymes, including catalase, glutathione, and SOD, was all enhanced. They concluded that the dissolution of Ni ions from nano-NiO was responsible for the induction of cell death, through triggering the mitochondrion-dependent intrinsic apoptotic pathway.
Foldbjerg et al [130] investigated the effects of wellcharacterized polyvinyl pyrrolidone (PVP)-coated nano-Ag and silver ions (Ag þ ) in the human alveolar cell line A549. Both PVP-coated nano-Ag and Ag þ induced cytotoxicity in a dose-dependent manner. The cytotoxicity of both PVP-coated nano-Ag and Ag þ was inhibited by the antioxidant, N-acetylcysteine. A strong correlation between the levels of ROS formation and mitochondrial damage and early apoptosis was observed. DNA damage induced by ROS was also found. The level of bulky DNA-adduct formation was well correlated with the cellular ROS levels and was inhibited by pretreatment with N-acetylcysteine. These results suggest that nano-Ag induced genotoxicity, mediated by ROS [130] .
When nanomaterials are in a suspending medium or a biological system where particle dissolution can take place, the ionic species generated from nanomaterial dissolution can also elicit toxicity [131] . Franklin et al [131] observed that Zn þ2 ions released from the dissolved nano-ZnO were highly toxic to aquatic organisms. Thus, nano-ZnO dissociation caused disruption of cellular zinc homeostasis, lysosomal and mitochondrial damage, and cell death. Subsequently, Xia et al [11] also determined that dissolution plays an important role in ZnO-induced cytotoxicity.
It has been determined that Ag þ can be released from the surface of nano-Ag by surface oxidation of nano-Ag in the presence of water. The rate of ion release is dependent upon the size of the nano-Ag particles, the sulfur concentrations contained in the nano-Ag, temperature, oxygen, pH, and light. The reaction of Ag þ ions with molecular oxygen generates superoxide radicals and other ROS, resulting in apoptosis and the expression of stress-response-related genes [123, 132] .
Based on experimental results, it is suggested that the Ag þ ion is the reactive species leading to toxicity of nano-Ag.
Zhu et al [32] studied the toxicity of nano-CuO, nano-CdO, and nano-TiO 2 . CuO nanoparticles were found to possess the most potent cytotoxicity and to cause the most DNA damage. Nano-CdO showed similar activity, only to a lesser extent than nano-CuO. Nano-TiO 2 showed low cytotoxicity, with no increased 8-OHdG levels.
Nano-metals and nano-metal oxides with redox characteristic properties can enhance the formation of ROS, serving as catalysts in ROS production through Fenton reactions, Fenton-like reactions, or the HabereWeiss cycle reaction, all yielding hydroxyl radicals [1, 23, 113] . The HabereWeiss reaction generates hydroxyl radicals ( OH) from H 2 O 2 and superoxide anion radicals ( O 2 À ). Fenton reaction
HabereWeiss cycle reaction
Fe 3þ þ O À 2 /Fe 2þ þ O 2 Fe 2þ þ H 2 O 2 /Fe 3þ þ OH þ OH À
Light activation
Many nanomaterials have semiconductor properties. The reactivity of nanomaterials can be dramatically altered by exposure to UV and visible light. Light-induced changes in reactivity may affect the stability of a product containing these nanomaterials. Upon light irradiation, nanomaterials can be excited and react with molecular oxygen to generate ROS and cytotoxicity (i.e., photocytotoxicity). The two commercially important products, nano-TiO 2 and nano-ZnO are good examples. The bonding in these materials gives rise to valence bands and conduction bands whose energy difference is similar to that in UV light (for nano-TiO 2 and nano-ZnO, this is energy in the UVA spectral region). When these semiconductors are photoexcited, electrons are excited from the valence to the conduction band, giving rise to excitons or electronehole pairs. These electronehole pairs can recombine, giving rise to no net chemical transformation. Alternatively, electrons can combine with surface-bound molecules (such as oxygen) to form a radical (such as a superoxide anion radical). Similarly, holes, which are powerful oxidants, can react with surface-bound molecules (such as water) and give rise to radicals (such as the hydroxyl radical). Additional intermediate radical reactions may result in the formation of other ROS including singlet oxygen [17,133e138] . Upon UVA irradiation, nano-ZnO induced dose-dependent cytotoxicity, LDH release, lipid peroxidation, and DNA damage in a light dose and substrate dose response manner in human keratinocytes. The level of photocytotoxicity was mainly dependent on the level of ROS production [86] . Both the hydroxyl radical and the superoxide anion radical were formed. Nano-ZnO also induced single-strand DNA breaks in supercoiled FX174 plasmid DNA. Under visible light illumination, nano-ZnO induced the LDH leakage, hydroxyl radical generation, and 8-OHdG formation in a dose-dependent manner. Collectively, these results demonstrate the photocytotoxic and photogenotoxic effects of nano-ZnO on human skin keratinocytes in vitro.
A mechanism was proposed [86] . Upon receiving UVA irradiation, the resulting photoexcited nano-ZnO favorably extracted electrons from water or hydroxide ions to generate hydroxyl radicals. The pathways of transferring energy to molecular oxygen to form singlet oxygen, or transferring an electron to molecular oxygen to generate superoxide radical anions are not favored. The overall results indicate that photoirradiation of nano-ZnO-generated ROS (mainly hydroxyl radicals) cause DNA cleavage, induce lipid peroxidation, and generate endogenous DNA adducts (8-OHdG) [86] .
Zhao et al [139] studied the phototoxicity of BiOCl singlecrystalline nanosheets with different surface structures under UV light irradiation. It was determined that the generation of ROS is surface structure dependent.
Aggregation and mode of interaction with cells
Graphene oxide and graphene are two-dimensional carbonbased nanomaterials and are potential candidates for biomedical applications including sensors, cell labeling, bacterial inhibition, and drug delivery [140] . Liao et al [140] found that the toxicity of graphene and graphene oxide depended on whether or not aggregation occurred and on the mode of interaction with cells (i.e., suspension versus adherent cell types). Ekstrand-Hammarströ m et al [141] determined that crystal structure, surface area, and degree of aggregation and agglomeration determined the level of ROS and cytotoxicity elicited by TiO 2. Kim et al [91] discussed the physiochemical characteristics that can determine nano-Ag-induced toxicity, which include size, release of Ag þ ions, and agglomeration/ aggregation.
Inflammation leading to ROS formation
McCarthy et al [142] found that amorphous nano-SiO 2 can cause an inflammatory effect in the lungs. They also observed that the amorphous nano-SiO 2 induced inflammation in submucosal cells, and generated ROS, leading to apoptosis and decreased cell survival. [113] . The authors proposed that this pH-dependent dual enzyme activity can be utilized for cancer treatment through producing ROS in tumor tissues [113] . He et al [23] determined that in the presence of H 2 O 2 , nano-Ag can induce hydroxyl radicals through a Fenton-like mechanism, and the level of hydroxyl radical formation is dependent on experimental pH circumstances. The level of hydroxyl radical formation was in the order: pH 1.2 > pH > 3.6 > 4.6. When the pH was at 7.4, there was no significant formation of hydroxyl radicals. Wang et al [113] also determined that both hematite nano-Fe 2 O 3 and maghemitenano-Fe 2 O 3 induced hydroxyl radicals, with intensity following the order pH 1.2 > 4.2 > 7.2.Apparently, all the abovedescribed results indicate that lower pH conditions facilitate Fenton and Fenton-like reactions to generate hydroxyl radicals.
pH of the system

6.
Difficulties in determination of the mechanism of nanotoxicity in cells and in vivo Most nanomaterial-induced toxicity is through free-radical mechanisms, among which, generation of oxidative stress mediated by ROS formation is most important. Essentially, free-radical mechanisms are difficult to elucidate at the molecular level because free radicals are highly reactive and, in most cases, have an extremely short half-life. Most biologically relevant free radicals are short-lived, making them difficult to be directly detected. ROS have a short half-life, in the range of about 10 À9 seconds, and thus, without derivatization, are difficult to be isolated directly for structural identification. Thus, ESR spin trapping techniques to identify the formation of ROS from chemical reactions are commonly used [18] .
Biochemical and cell-based methods are commonly used to elucidate the acute and chronic toxicity elicited by nanomaterials. The benefits of using cultured cell lines are many, including reproducibility, ease of treatment with test material, and easy measurement of cytotoxicity and other toxicological endpoints. It has been demonstrated that cultured cells have significantly high sensitivity to the effects of nanomaterials [10] . Nevertheless, compared with chemical reactions, it is more challenging to determine mechanisms of free radicals formed in vivo and in cells.
Alternatively, the correlation of results from ESR studies with the cell-based results will provide a profile for each nanomaterial that integrates chemical and biochemical approaches. ESR spin trapping is the only approach that provides direct evidence of the existence of free radicals and a means to identify them. This makes it possible to study the dynamic effects of free radicals in different systems. ESR is widely used in free radical research, and is increasingly used in mechanistic studies of free-radical generation in the presence of nanomaterials.
Therefore, mechanistic studies frequently use ESR techniques for detection of free-radical formation. For example, Yin et al [39] determined the photocytotoxicity of nano-TiO 2 in several different cell systems and found that the resulting toxicity was mediated by ROS. The results also indicated that the singlet oxygen was formed partially via a superoxidedependent mechanism, while the hydroxyl radical formation was not via superoxide. Citing another example, ESR measurements revealed that nano-ZnO, following photoexcitation by UVA, extracted electrons from water or hydroxide ions to generate hydroxyl radicals; it did not transfer energy to molecular oxygen to generate singlet oxygen, nor transfer an electron to molecular oxygen to generate superoxide radical anions [86] . The ESR study also revealed that hydroxyl radical formation is not via superoxide.
Nevertheless, free radical reactions proceed so rapidly that the original formation of specific free radicals is difficult to determine. Taking hydroxyl radical formation as an example, it can be generated directly: (1) from a photoexcited nanoparticle extracting electrons from water or hydroxide ions; (2) through the HabereWeiss reaction from the reaction of a redoxed-type nanoparticle initially with superoxide, and subsequently with H 2 O 2 ; and (3) many other pathways. It is even more challenging to determine the free-radical mechanism of nanomaterial-induced toxicity in a biological system, particularly in vivo.
Perspectives
Production of engineered nanomaterials for commercial use has been increasing exponentially, therefore, the safety and toxicity of nanomaterials has become an issue of interest to the public. Due to the complication of free-radical formation and reaction, the elucidation of a detailed biochemical mechanism of nanomaterial-induced ROS formation leading to toxicity is challenging. Understanding the mechanism of nanomaterial-induced toxicity is the first defense for hazard prevention. Reaching this ultimate goal will enable us to avoid synthesizing toxic nanomaterials for commercial use. In all the physiologically relevant ROS, the hydroxyl radical possesses the highest one-electron reduction potential and is reactive with almost all types of biomolecules including lipids, proteins, and nucleic acids [49, 67] . As a result of their reactivity and ability to damage biological targets, hydroxyl radicals can serve as an ideal representative ROS for investigation. Consequently, if a nanomaterial induces ROS, it is important to determine the formation of hydroxyl radicals.
Enzymatic defenses have evolved to protect against harmful biological oxidants. SODs, peroxidases and catalases are some of the prominent and extensively studied antioxidant enzymes. Antioxidants also play an important role in preventing/limiting the damage caused by ROS. The hydroxyl radical is the most powerful ROS in causing biological damage. Although there are no antioxidant enzymes that can destroy hydroxyl radical, some endogenous and dietary antioxidants are effective in scavenging hydroxyl radicals. Dietary antioxidants may play an important role in limiting oxidative damage and reducing the risk of numerous chronic diseases related to advancing age [143, 144] . Consequently, the development of dietary antioxidants to scavenge hydroxyl radicals formed from nanomaterials may serve as one of the strategies for prevention of nanomaterial-induced toxicity.
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